Introduction
Acetylcholine (ACh) is a critical neurotransmitter in both the central and peripheral nervous systems, serving as the primary excitatory neurotransmitter at the vertebrate neuromuscular junction (NMJ), and as a modulator of cognitive function (Sarter and Bruno, 1997) . Defects in ACh synthesis or reception at the NMJ result in myasthenias (Engel et al., 2003a,b) , and loss of basal forebrain cholinergic neurons contributes to the dementia characteristic of Alzheimer's disease (Whitehouse et al., 1982) .
ACh synthesis occurs in the presynaptic terminal, and is thought to be limited by choline availability, particularly under circumstances of elevated ACh release MacIntosh, 1957, 1961; Jope, 1979) . Although there is evidence for limited de novo synthesis of choline via membrane phospholipid catabolism in brain (Blusztajn and Wurtman, 1981; Lee et al., 1993) , ACh synthesis likely depends on the efficient uptake of choline across the presynaptic membrane (Birks and MacIntosh, 1961) via the high-affinity choline transporter (CHT). CHT is distinguishable from ubiquitous, lowaffinity choline uptake mechanisms by its affinity for substrate (K m , ϳ1-5 vs 100 M), its sodium and chloride dependence, and nanomolar sensitivity to the competitive antagonist hemicholinium-3 (HC-3) (Guyenet et al., 1973; Haga and Noda, 1973) . Accordingly, ACh synthesis and release is impaired in vitro when CHT is inhibited by HC-3 (Guyenet et al., 1973) , and high-affinity choline uptake is modulated to meet the demands of increased ACh synthesis and release (Simon and Kuhar, 1975) . Recent studies have demonstrated that CHT expression is confined in brain to cholinergic neurons (Okuda et al., 2000; Misawa et al., 2001; Kobayashi et al., 2002; Ferguson et al., 2003) and is enriched in cholinergic terminals and at NMJs Nakata et al., 2004) . Murine CHT traffics on small clear synaptic vesicles that contain ACh, the vesicular acetylcholine transporter (VAChT), and other synaptic vesicle markers, and exhibits depolarization-triggered changes in cell surface density, consistent with a physical coupling between ACh release and CHT surface trafficking .
To date, vertebrate model systems have not been amenable to the study of the in vivo effects of a complete loss of CHT function on ACh homeostasis and animal behavior. Acute pharmacological blockage of CHT leads to rapid respiratory failure (Schueler, 1955) , and mouse homozygous CHT knock-outs are neonatal lethal . Like the vertebrate nervous system, ACh is the principal excitatory transmitter at the Caenorhabditis elegans NMJ (Richmond and Jorgensen, 1999) , and importantly, the core synaptic machinery is well conserved (Nonet, 1999) . Unlike vertebrate models, homozygous null alleles of C. elegans CHT (CHO-1) are viable. Because of the simplicity of this genetically tractable model system, the C. elegans model offers a unique opportunity to investigate the consequences of a loss of highaffinity choline uptake on ACh homeostasis, release, and behavior.
We report that green fluorescent protein (GFP)-tagged CHO-1 localizes to cholinergic synapses in vivo in a manner consistent with trafficking via synaptic vesicle precursors. Endogenous CHO-1 mediates high-affinity choline uptake that supports ACh biosynthesis, and displays many of the same properties characteristic of its mammalian ortholog CHT. Loss of CHO-1-mediated choline uptake results in both a loss of normal ACh synthesis, and an activity-dependent fatigue phenotype.
Materials and Methods
C. elegans strains and husbandry. All strains were derived from the wildtype (WT) strain (Bristol N2) and maintained at 20°C using standard methods (Brenner, 1974) , except that in most cases animals were grown on thin lawns of Escherichia coli strain HB101 rather than OP50. The strains used in this study were as follows: N2 (wild type), cho-1(tm373) (Mitani Laboratory, National BioResource Project for the Nematode, Tokyo, Japan), p cho-1 :CHO-1:GFP (BY503(vtIs16 ); lin-15 (n765 ts )), p cho-1 ::GFP (BY505(vtEx14 ); lin-15 (n765 ts )), p cho-1 ::CHO-1:GFP; cho-1(tm373) (BY506(vtEx15); cho-1(tm373); lin-15 (n765 ts )), p cho-1 ::GFP; cho-1(tm373) (BY507(vtEx14 ); p cho-1 :CHO-1:GFP; p ric-1 :VAMP:mRFP1 (BY508(vtIs16; vtEx16; ts )), unc-104(e1265, pld-1(ok986 ) , cha-1(cn101), BZ722 (snf-6 (eg38); cho-1 (tm373)) (Kim et al., 2004) , ric-1(md226 ) (Jorgensen Laboratory, University of Utah, Salt Lake City, UT), acr-16(ok789) (Miller Laboratory, Vanderbilt University, Nashville, TN), unc-18(md299), unc-29(e1072), snt-1(md290) . cho-1(tm373) was outcrossed three times to N2 before its use in any experiment.
Creation of transgenic animals and microscopy. To create p cho-1 :CHO-1:GFP (BY503(vtIs16 )), genomic sequence representing the cho-1 gene and 5.1 kb of upstream promoter sequence was PCR-amplified from genomic DNA using standard methods. This promoter length was chosen because it had been identified by Okuda et al. (2000) as sufficient to drive GFP in the cholinergic nervous system. Amplification was performed using the upper primer: 5Ј-(PstI)-ctgcagtatacacgagaagctgctc-3Ј and the lower primer: 5Ј-(KpnI)-ggtaccgttcgtctcttgtaattgcta-3Ј, and then ligated into Fire Vector pPD95.75 (gift from A. Fire, Stanford University School of Medicine, Stanford, CA) in-frame with the GFP gene. The fully sequenced construct (5 ng/l) was coinjected with the lin-15 rescuing plasmid pJM23 (50 ng/l) into lin-15 (n765 ts ) animals using methods described previously (Jin, 1999) . For BY503, genomic integration of the p cho-1 :CHO-1:GFP extrachromosomal array (vtEx13) was achieved using an ultraviolet/trimethylpsoralen protocol (Clark and Chiu, 2003) followed by outcrossing four times to N2. After characterization of the expression of this transgene, it was determined that the original promoter identified by Okuda et al. (2000) did not drive expression in all cholinergic neurons. Thus, for rescue experiments the initial promoter was extended an additional 2.5 kb. The additional promoter sequence was PCR amplified, ligated into the original p cho-1 :GFP construct and coinjected (20 ng/l) with pJM23 (50 ng/l) into lin-15(n765 ts ) animals to create p cho-1 ::GFP (BY505(vtEx14 )). The extended promoter was ligated into the original p cho-1 :CHO-1:GFP construct and coinjected (5 ng/l) with pJM23 (50 ng/l) into lin-15(n765ts); cho-1(tm373) to create p cho-1 :CHO-1:GFP; cho-1(tm373) (BY506(vtEx15); cho-1(tm373)) used in rescue experiments. For neuroanatomy examination experiments, BY505 males were crossed with cho-1(tm373) hermaphrodites, and GFPpositive homozygous cho-1(tm373) animals isolated creating BY507 (vtEx14; ).
For CHO-1:GFP, VAMP:mRFP1 colocalization studies, the mRFP1 gene was amplified from mRFP1/pRSETB (gift from R. Y. Tsien, University of California, San Diego, CA) and subcloned into pJL4 (p acr-5 :VAMP: GFP) construct (gift from E. M. Jorgensen, University of Utah, Salt Lake City, UT), using AgeI and SpeI restriction sites to replace GFP with mRFP1. The VAMP:mRFP1 BamH1/ApaI fragment was subcloned into pDM1 (p ric-1 ::GFP), replacing GFP and creating p ric-1 :VAMP:mRFP1 for pan-neuronal expression. This construct (5 ng/l) was coinjected with pRF4 (rol-6 dominant marker; 60 ng/l) into BY503 animals creating BY508(vtIs16, vtEx16; ts )). Animals positive for both roll and CHO-1:GFP were propagated and imaged using an LSM510-Meta confocal (Carl Zeiss, Thornwood, NY). For synapse development/integrity experiments, p ric-1 :VAMP:mRFP1 was coinjected (5 ng/l) with pRF4 (60 ng/l) into N2 (BY509(vtEx17 )) and cho-1(tm373) (BY510(vtEx18; ) animals, and roll positive animals were examined and imaged. For unc-104 localization experiments, BY503 (p cho-1 :CHO-1: GFP) males were crossed to unc-104 (e1265) hermaphrodites, and unc-104Ϫ/Ϫ; GFP-positive animals (vtIs16; unc-104(e1265) ) were selected for confocal imaging.
Aldicarb and levamisole tests. Acute aldicarb treatment was performed essentially as described previously (Nonet et al., 1997) . For each test, 20 -30 young adult animals were picked onto plates containing aldicarb at a final concentration of 0.0 -1.0 mM, and scored for paralysis after 2 h of treatment. For levamisole sensitivity, 20 -30 young adult animals were placed onto plates containing 0.1 mM levamisole and scored for paralysis at 30, 60, and 90 min after plating.
C. elegans cell culture. Primary cultures were prepared from BY503 (p cho-1 :CHO-1:GFP), wild-type (N2), cho-1 mutant (cho-1 (tm373)), pld-1(ok986 ), cha-1(cn101), and BY506 (p cho-1 :CHO-1:GFP; cho-1(tm373)) animals as described previously (Christensen et al., 2002; Carvelli et al., 2004) , and incubated at 18°C. Approximately 25 ϫ 10 6 cells per well (24-well plate) were plated for uptake assays, and 10 4 cells per well for imaging.
HPLC analysis of ACh and choline content. To determine total choline and ACh levels in primary cultures, two wells per sample were lysed and processed for neurochemistry using methods described by Liberato et al. (1985) with modifications. Specifically, cells were extracted with 300 l/well acetonitrile for 5 min, and then cleared by centrifugation at 10,000 ϫ g for 10 min at 4°C. The supernatant was extracted twice with 0.5 vol of heptane, and the remaining acetonitrile evaporated using a DNA120 SpeedVac (Thermo Savant, Waltham, MA). The choline/ACh pellet was resuspended in 50 mM H 2 PO 4 , and the choline/ACh was separated using HPLC. The ACh was detected by electrochemical methods using a reaction with acetylcholinesterase and choline oxidase, both immobilized on a post-column enzyme reactor (immobilized enzyme reactor) as described previously (Damsma et al., 1985) (Vanderbilt Neurochemistry Core Resource). Samples were normalized to total protein. For whole-worm analysis, animals were removed from plates with M9 buffer, and washed three times by centrifugation at 1500 ϫ g for 4 min to remove bacteria. The animals were pelleted, and the M9 buffer was removed using a syringe and 27-gauge needle. Animals were lysed in acetonitrile (1 ml per 100 g) by grinding with a mortar/pestle in liquid nitrogen, and the lysate was cleared by centrifugation at 10,000 ϫ g for 10 min at 4°C. After clearing, the lysate was processed as described above. For protein determination and sample normalization, cell debris from the clearing step was dissolved in 0.1 M NaOH and subjected to protein determination. To determine endogenous free choline levels in bacterial strains, bacteria were washed off of nematode growth medium (NGM) plates in water, and adjusted to equal density based on OD 600 . Aliquots of pelleted bacteria (100 mg per strain) were resuspended in acetonitrile and sonicated using a probe sonicator. Samples were processed for neurochemistry as described above, and normalized to total protein.
Transport assays. Choline transport assays were performed on primary cultures of C. elegans embryonic cells 3 d after plating. All transport experiments were performed in triplicate unless otherwise noted, and the data were analyzed using GraphPad (San Diego, CA) Prism software (Student's t test or one-or two-way ANOVA as noted in the text). For standard transport assays, cells were washed twice in uptake buffer (130 mM NaCl, 10 mM HEPES, 1.5 mM CaCl 2 , 0.5 mM Ci/mmol) for 5 min at room temperature. Cells were washed three times in 4°C uptake buffer and lysed in 1% SDS for 20 min at room temperature, and the lysate was analyzed by liquid scintillation spectrometry. For normalization, 50 l aliquots of lysate per well were used for total protein determination using a BCA (bicinchoninic acid) protein assay (Sigma-Aldrich, St. Louis, MO). Nonspecific uptake was determined either by uptake in cho-1 null mutant cells, uptake at 4°C, or uptake in the presence of 1 or 10 M HC-3 (as noted in the text). For saturation assays, six concentrations of [ 3 H]choline were used (0.1-6.0 M). For these studies, unlabeled choline was mixed with [
3 H]choline in uptake buffer to yield a specific activity of 2.5 Ci/mmol. K m and V max values were calculated using nonlinear regression analysis with GraphPad Prism software. For HC-3 competition experiments, six concentrations of HC-3 were used (0.001-9.0 M), and uptake was performed using 0.1 M [ 3 H]choline. Data were fit using GraphPad Prism software (nonlinear regression, one site competition). To examine the ion dependency of high-affinity choline transport, [ 3 H]choline uptake was performed under standard conditions except for that 130 mM N-methyl-Dglucamine (NMDG) was used in place of NaCl (for sodium-free uptake), and 130 mM sodium-gluconate was used to substitute for NaCl (Cl-free uptake). For the analysis of activity-dependent changes in CHO-1-mediated transport, cells were washed twice in uptake buffer, and then incubated for 5 min at room temperature in uptake buffer plus 30 mM KCl (depolarized; equimolar reductions in NaCl made to maintain osmolarity) or standard uptake buffer (control). The cells were placed back into standard uptake buffer, and uptake was determined using the abovedescribed methods and 0.1 M [ 3 H]choline. In some experiments, 100 M CdCl 2 was added to the initial washes and depolarization buffers to block voltage-gated Ca 2ϩ channels. To investigate the time course of recovery after depolarization, cells were incubated for 5 min at room temperature in 30 mM KCl (initial) or standard uptake buffer (control), and then placed in standard uptake buffer for 2, 5, 10, 20, and 30 min at room temperature, followed by standard choline uptake experiments using 0.1 M [ 3 H]choline. ACh incorporation studies. To monitor the incorporation of labeled choline into ACh, cells were subjected to a pulse labeling protocol 3 d after plating. For high-affinity choline uptake and incorporation, cells were washed twice in standard uptake buffer, and then incubated for 5, 10, 20, or 30 min at room temperature in uptake buffer containing 0.1 M [ 3 H]choline and the acetylcholinesterase inhibitor aldicarb (20 M; Sigma-Aldrich). Cells were washed three times in 4°C uptake buffer plus 20 M aldicarb, and either processed for neurochemistry or lysed in 1% SDS and processed as normal uptake samples. To determine the conversion of [ 3 H]choline into ACh, peak fractions for choline and ACh were isolated after HPLC separation, and the accumulated 3 H label was determined by scintillation counting.
For low-affinity choline uptake and incorporation, cells were washed twice in uptake buffer, and then incubated for 1 h at room temperature in uptake buffer plus 20 M aldicarb. The buffer was removed, and the cells were incubated for 20 min at room temperature in 0. Choline acetyltransferase assays. Cells were harvested 3 d after plating, and choline acetyltransferase (ChAT) activity was determined using methods described by Fonnum (1975) with modifications. Cultured cells were solubilized with 50 mM Tris-Cl, pH 7.5, 0.1% Triton X-100 by probe sonication, and the lysates were cleared by centrifugation for 10 min, at 4°C, and at 10,000 ϫ g. Duplicate aliquots per well (minimum of three wells per genotype per experiment) were removed and incubated with reaction buffer [300 mM NaCl, 50 mM NaH 2 PO 4 , pH 7.4, 10 mM EDTA, 0.1 mM eserine, 20 M aldicarb, 0.05 mg/ml BSA, 8 mM choline, and 0.2 mM [
14 C]acetyl-coenzyme A (New England Nuclear; 51.4 mCi/mmol)] for 20 min at room temperature. Control samples were incubated at 4°C. Samples were extracted with tetraphenylborate (15 mg/ml)/ heptanone-3, and the organic layer was collected after centrifugation at 5000 ϫ g for 5 min at 4°C. ChAT activity is represented by the incorporation of 14 C label into ACh, as determined by scintillation counting. All samples were normalized to total protein.
Assays of nematode motor activity. Locomotory behavior was examined in wild-type and mutant animals using visual (individual and group assays) and automated methods (individual assays only). In individual visual assays, single worms were picked off of NGM agar plates spread with a thin lawn of HB101 bacteria, and placed into M9 buffer or water (no difference in results between the two media). Swimming behavior was monitored, and the number of body bends per minute was quantitated manually. For group visual assays, 10 -15 worms were placed into water in a single well of a 96-well microtiter plate, and a videotape recording was made of thrashing behavior (2 h) using a ZVS-3C75DE analog camera (Carl Zeiss) mounted on a stereo dissecting microscope (Stemi 2000-C; Carl Zeiss). The animal movements were tracked visually/manually, and the number of worms paralyzed or immobile at every minute throughout the 120 min assay was quantitated. For automated analysis, single worms were placed in 50 l of water in a single well of a 96-well microtiter plate, and audio, video, still image (AVI) movies of their swimming behavior created through the conversion of analog to digital data using a frame grabber [Piccolo graphics card (Ingenieur Helfrich) and VidCap32 AVI capture application (Microsoft, Redmond, CA)]. The resulting AVI movies (30 min each; a total of 2 h per worm) were analyzed using a script written in MatLab 7.0.1 (MathWorks, Natick, MA), which discerns the position of the worm in every frame using motion detection and the selection of a pixel location that designates the worm centroid (available on request). The x and y pixel locations of the worm's centroid are placed in arrays across time and separated into segments, or windows. For each window, the signal is detrended to remove first-order motion (constant and linear trends as opposed to oscillations), and then a fast Fourier transform (FFT) is taken to determine the frequency spectrum for each window. The Fourier spectra for corresponding x and y dimensions are summed, and the frequency having the largest amplitude in the combined spectrum is selected. Finally, the calculated frequencies for each window are placed in an array so that the frequency of the worm oscillation over time can be displayed. Average frequencies are determined for 6 s windows and plotted for each 30 min video segment.
Results

CHO-1:GFP localizes to synapses in vivo in an UNC-104-dependent manner
Studies on the distribution of mammalian CHT in the CNS and spinal cord using HC-3 binding and CHT immunocytochemistry have revealed that the transporter is expressed in cholinergic terminals (Rainbow et al., 1984; Quirion, 1987; Misawa et al., 2001; Kobayashi et al., 2002; Ferguson et al., 2003; Kus et al., 2003) . In an effort to characterize CHO-1 function in the C. elegans model, we first addressed its localization in vivo. Okuda et al. (2000) demonstrated that the cho-1 promoter drives expression of a cytosolic GFP reporter exclusively in cholinergic neurons; however, the subcellular localization of the CHO-1 protein is uncharacterized to date. To this end, we created transgenic animals (BY503) expressing a CHO-1:GFP fusion protein under the control of the endogenous cho-1 promoter (Fig. 1 A) . CHO-1:GFP was expressed exclusively in cholinergic neurons, including motor neurons of the nerve cord and central neurons of the nerve ring, consistent with the aforementioned GFP reporter studies (Okuda et al., 2000) . More importantly, we found that CHO-1:GFP local-ized to axonal varicosities and colocalized with a fluorescent reporter of the synaptic vesicle marker synaptobrevin [vesicleassociated membrane protein (VAMP)] (Fig. 1 A) .
Murine CHT resides on small clear vesicles within cholinergic terminals in the brain, and immunoisolates with vesicles that contain VAChT and other synaptic vesicle resident proteins . We sought evidence that CHO-1:GFP also traffics on synaptic vesicles by determining the localization of CHO-1:GFP in mutant animals that fail to transport synaptic vesicles to their nerve terminals. UNC-104 is the kinesin responsible for the transport of synaptic vesicle precursors to the presynaptic terminal ( Fig. 1 B) (Hall and Hedgecock, 1991; Otsuka et al., 1991) . Synaptic vesicle resident proteins such as VAChT, VMAT (vesicular monoamine transporter), and VAMP are selectively retained in the cell bodies of unc-104 mutant neurons, whereas presynaptic membrane proteins are unaffected (Nonet et al., 1993; Rand et al., 2000; Koushika et al., 2001 ). Thus, retention of GFP-tagged proteins in the cell bodies of neurons when expressed in the unc-104 mutant background is expected if the protein normally localizes to synaptic vesicles. When CHO-1: GFP is expressed in the wild-type background, we observed normal localization to cholinergic synapses of the dorsal nerve cord and nerve ring/head neurons (Fig. 1 B) . In contrast, when expressed in the unc-104 (e1265) mutant background, CHO-1:GFP failed to localize synaptically, and was retained in the neuronal cell bodies (Fig.  1 B) . These data provide evidence that CHO-1, like mouse CHT, uses axonal transport mechanisms common to other synaptic vesicle proteins .
CHO-1 supports high-affinity, HC-3-sensitive choline transport activity
The study of choline transport per se is not possible in the intact nematode. However, recently described techniques for preparing C. elegans primary cultures can be exploited for this purpose (Christensen et al., 2002; Carvelli et al., 2004) . We used this preparation to verify the functional integrity of the CHO-1:GFP fusion protein; specifically, we examined the localization and choline uptake capabilities of CHO-1: GFP in primary cultures prepared from the BY503 strain (wild-type animals expressing CHO-1:GFP) ( Fig. 2 A, B) . In these cultures, CHO-1:GFP-positive cells represent ϳ8% of the population, which is in agreement with estimates placing the total number of cholinergic neurons in the adult animal at ϳ10% of the total cell number. We observed prominent CHO-1: GFP expression in the cell soma, likely reflective of biosynthetic structures; however, we also observed localization of CHO-1:GFP at the ends of neuritic projections where contacts were made with other cells (Fig. 2 A) , possibly reflecting an in vitro synaptic localization. The CHO-1: GFP fusion protein expressed in this model is functional because we could demonstrate an enhanced capacity for high-affinity choline uptake in these cultures relative to nontransgenic cultures (Fig. 2 B) . Kinetic studies revealed that transgenic cultures, relative to wildtype controls, display an increase in their choline transport V max with no apparent change in substrate K m (Fig. 2 B) , consistent with gene-dosage driven enhancement of endogenous, highaffinity choline transport. This is most likely attributable to increased density at the plasma membrane, indicating that plasma membrane sites are not normally saturated for CHO-1. This finding has possible therapeutic implications, because it suggests that choline uptake and possibly ACh synthesis can be augmented by elevating the amount of CHT expression.
To further characterize CHO-1 activity, we analyzed the characteristics of wild-type cultures and compared these with cultures prepared from a cho-1 knock-out line. The cho-1(tm373) allele carries a 1.7 kb deletion in the cho-1 gene, removing exons 4 -7 (record no. 373; National BioResource Project for the Experimental Animal C. elegans, Tokyo, Japan). Because this lesion removes transmembrane domains 4 -13 (there are 13 total predicted transmembrane domains in CHO-1), it would likely result in a complete loss of function.
We found that choline uptake into WT primary cultures was saturable, with an apparent K m for choline of 0.66 Ϯ 0.17 M (Fig. 2C ). This is comparable with K m estimates for both human and rodent CHT (K m , 0.6 -2 M) (Yamamura and Snyder, 1972; Simon and Kuhar, 1976; Apparsundaram et al., 2001; Ferguson et al., 2003 ) (Fig. 2D) . Importantly, high-affinity uptake was reduced to 8.1 Ϯ 0.77% (t test, p Ͻ 0.0001) of wild-type levels in cultures prepared from cho-1 knock-out animals, suggesting that the bulk, if not all, of high-affinity choline transport activity is CHO-1 mediated (Fig. 2E ). High-affinity choline uptake was also HC-3 sensitive: wild-type levels of choline uptake were suppressed to 20 Ϯ 4.45% (t test, p Ͻ 0.01) of normal when wild-type cells were pretreated with 1 M HC-3 ( Fig. 2E) , an effect that proved to be dose dependent, with a nanomolar IC 50 evident (IC 50 , 141 Ϯ 0.169 nM) (Fig. 2F) . Wild-type cells treated with concentrations of HC-3 known to completely block all high-affinity choline transport in other systems, resulted in uptake that matched that displayed by cho-1 mutant cells treated or untreated with HC-3 ( Fig. 2E and treatment with 10 M HC-3, data not shown), suggesting that high-affinity choline uptake is completely lost in cho-1(tm373) mutants. Importantly, high-affinity, HC-3-sensitive choline uptake was rescued to ϳ73% of normal in cho-1 mutant cells with the transgenic expression of a CHO-1:GFP fusion protein driven by the endogenous cho-1 promoter (BY506) (supplemental Fig.  1 , available at www.jneurosci.org as supplemental material). Together, these data indicate that C. elegans CHO-1 shares many of the biochemical and pharmacological properties displayed by its mammalian orthologs.
CHO-1 supports depolarization triggered elevations in choline transport activity in vitro
Electrical and pharmacological stimulation of cholinergic neurons leading to increases in ACh release results in enhanced capacity for high-affinity choline uptake (for review, see . Treatments that enhance cholinergic neurotransmission and/or ACh release support increases in the CHT V max , consistent with an activitydependent regulation of CHT surface expression. To see whether these properties are evident in the nematode ortholog, we compared choline uptake under standard and depolarizing conditions using wild-type primary cultures. We found that choline uptake could be significantly stimulated (274 Ϯ 2.52% of control; t test, p Ͻ 0.0001) when cells were depolarized by elevated potassium (Fig. 3A) , an enhancement we found to be dependent on voltage-gated Ca 2ϩ channels as uptake enhancements could be completely blocked by coincubation with the Ca 2ϩ channel 3 H]Choline uptake was measured in WT (filled squares) and cho-1 knock-out (filled triangles) cultures in the presence of increasing concentrations of HC-3. Data are plotted as mean Ϯ SEM of two experiments performed in triplicate, and nonspecific uptake is defined by uptake at 4°C.
blocker Cd 2ϩ during high K ϩ treatments (Fig. 3A) (t test, p Ͼ 0.05) (Lonart et al., 1998) . Furthermore, depolarization-elicited effects on choline uptake were persistent: when cells were depolarized, and then placed back into standard uptake buffer and assayed for uptake at 5, 10, and 30 min after depolarization, choline uptake was significantly enhanced relative to control cells at 5 and 10 min after depolarization (ANOVA, p Ͻ 0.0001 and p Ͻ 0.001, respectively), and did not reach pre-depolarization levels after 30 min ( p ϭ 0.05), indicative of sustained plasticity in this paradigm (Fig. 3B) .
CHO-1 is the only source of high-affinity choline transport used for ACh synthesis
Previous studies have indicated that high-affinity choline uptake is necessary to sustain ACh production and release in cat sympathetic superior cervical ganglia and at vertebrate NMJs . Most previous studies have relied on HC-3 inhibition to establish a role of CHT in ACh production and release in which interpretations are impacted by issues of HC-3 specificity as well as the general toxicity of this agent. Similarly, the early postnatal death of CHTϪ/Ϫ mice precludes identification of possible redundant, high-affinity choline transporters operating to sustain ACh synthesis in the adult. Because CHO-1-deficient animals are viable and fertile, the C. elegans system allows a unique opportunity to study ACh homeostasis in the context of a complete loss of CHT function. We first used HPLC analysis to determine the steady-state levels of choline and ACh in primary cultures prepared from wild-type and mutant animals. Although total choline levels were normal (data not shown), cho-1 knock-out cultures yielded ACh concentrations at ϳ43% of wild-type levels (Fig. 4 A) (wild type, 1.884 Ϯ 0.08 M; cho-1 knock-out, 0.8128 Ϯ 0.12 M; t test, p Ͻ 0.0001). Next, we used a pulse-labeling protocol coupled with HPLC determination of total ACh content to track the incorporation of (Fig. 4 B, C) . The concentration of [ 3 H]choline used (100 nM) was chosen because it is predicted to lie within the linear range of high-affinity choline transport by CHO-1. As expected, both wild-type and knock-out cultures displayed time-dependent increases in total choline uptake (Fig.  4 B) , but knock-out cultures consistently displayed a 90 -95% reduction in total uptake relative to wild-type cultures (Fig. 4 B) [ANOVA test; 5.5% of wild type at 10 min ( p Ͻ 0.001); 9.1% of wild type at 20 min ( p Ͻ 0.001); 8.3% of wild type at 40 min ( p Ͻ 0.001)]. Although there was detectable choline uptake in cho-1 knock-out cultures at [
3 H]choline concentrations selective for high-affinity transport, there was no measurable incorporation of this choline into total ACh stores (Fig. 4C) . In contrast, [ These data suggest that CHO-1 is the only high-affinity transporter capable of supporting ACh synthesis and release in vitro and that the choline used to synthesize ACh in cho-1 knock-out cultures is derived from a source other than high-affinity transport.
Low-affinity choline transport mechanisms support ACh synthesis at high substrate concentrations in vitro
In cho-1 knock-out cultures, total ACh levels are reduced 57% relative to wild-type cultures at steady state (Fig. 4 A) , yet there does not appear to be redundant high-affinity choline uptake mechanisms operating to supply choline for ACh production (Fig. 4C ). There is apparent tight linkage between CHT regulation and cholinergic tone in vivo .
However, neuroendocrine cells demonstrate ACh synthesis and vesicular release in the absence of detectable CHT expression (Bauerfeind et al., 1993; Apparsundaram et al., 2001) , raising questions as to the precursor support pathways available to sustain cholinergic signaling.
Whereas sodium-dependent high-affinity choline uptake is lost in cho-1 knock-out cultures, possibly sodium-independent, low-affinity choline uptake mechanisms may be operating to supply choline to sustain ACh synthesis. Using the same pulse labeling/neurochemistry approach as described above, we loaded the cells with 0.1, 10, 50, and 100 M [ 14 C]choline and measured its incorporation into ACh (Fig. 5) . With the exception of 0.1 M, these concentrations are predicted to be saturating for highaffinity CHO-1-mediated choline transport. Total ACh content was again found to be reduced relative to wild-type cultures (Fig.  5A) 3 H]Choline uptake is enhanced with depolarization and requires active calcium channels. Uptake was measured from WT cultures under normal conditions (Control), and under depolarizing conditions (ϩ30 mM KCl). This activity-dependent enhancement of [ 3 H]choline uptake was abolished when voltage-gated calcium channels were blocked with 100 M CdCl 2 . Data shown are from a representative experiment performed in triplicate, plotting mean ϩ SEM as percent control (n ϭ 3). Nonspecific uptake was defined by uptake in the presence of 2 M HC-3. B, Activity-dependent enhancement of [ 3 H]choline uptake is persistent. WT cultures were briefly depolarized with 30 mM KCl, and then assayed immediately for [ 3 H]choline uptake (Initial) or placed into standard uptake buffer for 5, 10, or 30 min before measuring uptake [shown as 5, 10, and 30Ј post dep(olarization)]. Data are shown as percentage control (control treated identically in parallel with "Initial" cells but without depolarization) and are mean Ϯ SEM of a representative experiment performed in triplicate (n ϭ 2). Uptake at 4°C was subtracted from these data sets as nonspecific uptake. Asterisks designate statistical significance as described in text.
take at high precursor concentrations because choline uptake is now occurring through low-affinity mechanisms. As described earlier, there was no measurable incorporation of labeled choline into ACh at 0.1 M [ 3 H]choline in cho-1 mutant cells. At higher precursor concentrations, we detected ACh production that increased as the concentration of labeled choline was increased, but was still significantly lower than wild type (Fig. 5C) 14 C]choline (50 and 100 M) is likely the sum of the activities of both the high-and low-affinity choline transport systems.
The amount of incorporation of labeled choline into ACh in cho-1 mutant cells at 100 M choline (favorable for low-affinity mechanisms) was approximately equivalent to the amount of incorporation seen in wild-type cells at 0.1 M choline (favorable only for high-affinity uptake). This suggests that low-affinity mechanisms may be sufficient for driving ACh synthesis in cho-1 mutants given ample extracellular choline concentrations. The molecular identity of low-affinity choline uptake systems evident in our preparation is unknown; however, recent work in mammalian tissue suggests that sodium-independent choline uptake occurs via two neuronally expressed transporters: choline transporter-like 1 (CTL1) (Inazu et al., 2005; Traiffort et al., 2005) and organic cation transporter type 2 (OCT-2) (Busch et al., 1998; Sweet et al., 2001 ). Potential C. elegans homologs of CTL1 and OCT-2 exist, and it would be interesting to examine whether mutations in these genes enhance the neurochemical and motor phenotypes seen with cho-1 mutants. Alternatively, a transporter with ACh and choline uptake activity has been recently described in C. elegans [sodium:neurotransmitter symporter family member 6 (SNF-6)] (Kim et al., 2004) . However, SNF-6 is not expressed in cholinergic motor neurons (Kim et al., 2004 ) (D. Miller, personal communication) and transports choline with a K m of ϳ190 M (Kim et al., 2004) , which is substantially higher than the low-affinity systems characterized to date. Moreover, cho-1;snf-6 double mutants do not show an enhancement of the motor behavior phenotype when compared with cho-1 single-mutant animals (data not shown), which would be expected if SNF-6 serves to supply choline for ACh synthesis in the absence of high-affinity uptake.
ACh synthesized in cho-1 knock-out cultures is not likely derived from choline liberated by phospholipase D activity
An alternative to exogenous choline supporting ACh synthesis is the de novo production of choline by phospholipid catabolism. In mammalian preparations, choline supplied from membrane phosphatidylcholine by phospholipases can drive the synthesis of ACh in vitro (Blusztajn et al., 1987) . The most likely phospholipase catalyzing choline release in this manner is phospholipase D (Blusztajn et al., 1987; Lee et al., 1993) . There is only one phospholipase D (PLD) identified in the C. elegans genome (designated pld-1), and it is expressed neuronally (Nakashima et al., 2000) . Null mutants in pld-1 exist, and are viable. To investigate whether PLD-1 activity is important for supplying choline for ACh synthesis in the absence of cho-1-mediated high-affinity transport, we created cho-1;pld-1 double mutants and assayed wild-type and mutant cultures for choline uptake and total ACh (Fig. 6 A, B) . As previously discussed, cho-1 knock-out cultures have greatly diminished capacity for high-affinity choline uptake (Fig. 6 A, compare WT, CHO-1 KO). We observed no further reduction in choline uptake in the cho-1;pld-1 double mutant (Fig. 6 A) . As previously noted, total ACh levels were reduced in cho-1 mutant cultures relative to wild-type levels ( Fig. 6 B) ; however, no additional reduction was seen in the cho-1;pld-1 double mutant, indicating that the ACh present in cho-1 knock-out cultures is not synthesized from choline derived by phospholipase D (PLD) activity (Fig. 6 B) . Similarly, no difference in ACh content was detected between cho-1 and cho-1;pld-1 double mutants when assays were performed with whole-worm extracts (data not shown).
Compensatory mechanisms sustaining ACh signaling in CHO-1-deficient animals
Given that nonstressed, well fed cho-1 mutant animals appear behaviorally normal on casual inspection, we investigated whether compensatory mechanisms may be operating in the cho-1 knock-out background to sustain the synthesis of ACh, or augment postsynaptic responses. The enzyme ChAT is responsible for and essential for ACh production (Erickson et al., 1996) . We found that cho-1 mutant cultures have normal levels of ChAT activity relative to wild-type cultures (Fig. 6C) . Additionally, we found the sensitivity of NMJ receptor fields to agonist stimulated normally in cho-1 mutant animals, as assayed by the treatment of worms with the specific nicotinic ACh receptor agonist levamisole (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). In contrast, we observed a significant increase in basal high-affinity choline uptake in ChAT mutant cultures (Fig. 6 D) . Specifically, cultured cells derived from animals homozygous for a hypomorphic ChAT allele (cha-1 (cn101)) exhibited a 2.3-fold increase in basal choline uptake relative to cultures from wild-type animals (Fig. 6 D) (226.6 Ϯ 11.53% of wild type; t test, p Ͻ 0.0001). These studies indicate that, although ChAT activity does not appear to be altered when CHO-1 function is compromised, CHO-1 activity is modulated to compensate for losses in ChAT activity.
cho-1 mutant animals have normal total choline levels, reduced total ACh levels, and visible defects in locomotory activity relative to wild-type animals Because null mutations in the C. elegans choline transporter are viable, we have the opportunity to investigate the neurochemical and behavioral consequences of a complete loss of high-affinity choline uptake on the intact animal. These questions have been nearly impossible to address in other animal models to date. We examined total choline and ACh levels from whole-worm extracts and found that, similar to our in vitro studies, choline levels did not differ comparing wild type to cho-1 (Fig. 7A ) (wild type, 5.25 Ϯ 0.53 ϫ 10 Ϫ7 mol/g protein; cho-1 knock-out, 5.43 Ϯ 0.93 ϫ 10 Ϫ7 mol/g protein). However, total ACh levels at steady state are reduced to 63.6% of normal in cho-1 mutant animals ( Fig. 7B ) (wild type, 5.34 Ϯ 0.14 ϫ 10 Ϫ7 mol/g protein; cho-1 knock-out, 3.40 Ϯ 0.11 ϫ 10 Ϫ7 mol/g protein), a deficit that is rescued with the expression of a CHO-1:GFP fusion protein in cho-1 mutant cholinergic neurons (Fig. 7B) (BY506, 5.39 Ϯ 0.58 ϫ 10 Ϫ7 mol/g protein). This ϳ36% loss of ACh in cho-1 mutant animals does not overtly effect behavior under normal growth conditions. Indeed, in standard plate assays, cholinergic neurotransmission appeared normal when assayed for sensitivity to the acetylcholinesterase inhibitor aldicarb (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). C. elegans mutants that are defective in ACh release are generally resistant to the paralyzing effects of aldicarb. cho-1 mutants displayed a wild-type aldicarb sensitivity profile when tested in parallel with WT, a synaptotagmin allele (snt-1(md290)), and a strong aldicarb resistant mutant that is WT in behavior (ric-1(md226 )) (Nguyen et al., 1995) .
Under well fed conditions on solid medium, cho-1 mutants exhibit little if any motor slowing. However, cho-1 mutant animals do display visible defects in locomotory activity when stressed (Fig. 7C) . When placed in a liquid environment, nematodes increase their locomotor rates substantially or "thrash." Thrashing presumably imposes a high demand on motor neuron firing. When placed in a choline-free liquid medium, cho-1 mutants demonstrated a significant decrease in thrashing rate relative to wild-type animals ( Fig. 7C ) (222.30 Ϯ 3.35 body bends per minute for wild type; 186.40 Ϯ 1.66 bends per minute for cho-1 mutants; t test, p Ͻ 0.0001). Thrashing was restored to wild-type levels when a CHO-1:GFP fusion protein was expressed in cho-1 mutant cholinergic neurons (BY506, 218.3 Ϯ 4.13 bends per minute; p Ͼ 0.05 compared with WT). The locomotor defects displayed by cho-1 mutants are not likely attributable to defects in the development of the cholinergic nervous system or synapses, because both cholinergic neuroanatomy and synapse morphology appear normal (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material). We asked whether prolonged thrashing and thus increased motor neuron activity would further deplete ACh stores in cho-1 mutant animals (Fig.  7D) . Indeed, after 2 h of forced thrashing, the total ACh content in cho-1 animals was further diminished by ϳ50%. Wild-type animals also exhibited a loss of ACh levels, consistent with a need for exogenous choline to sustain ACh production during motor stress. Regardless, after 2 h of thrashing, CHO-1-deficient animals remained more significantly depleted of ACh than wild-type animals (wild type, 2.30 Ϯ 0.22 ϫ 10 Ϫ7 mol/g protein; cho-1 mutants, 1.59 Ϯ 0.13 ϫ 10 Ϫ7 mol/g protein; t test, p Ͻ 0.05), possibly a reflection of nonmotor pathways deficient in ACh production.
cho-1؊/؊ animals display a stress-triggered, early fatigue phenotype cho-1 knock-out animals have only a ϳ36% reduction in total ACh at steady state, and this percent reduction does not change relative to wild type when further taxed by forced thrashing for 2 h before analysis. One explanation for this is that cho-1 mutants have developed compensatory mechanisms that allow them to use ACh more efficiently than WT animals. However, because motor neurons represent ϳ50% of the full complement of cholinergic neurons present in the adult animal, it is probable that our motor "fatigue" paradigm only impacts a fraction of the total nematode stores of ACh. Thus, with sustained activity, there may actually be a more significant depletion in ACh at the NMJ that cannot be resolved by HPLC analysis of total ACh content. We suspected that such a phenotype would be more readily detected through continuous monitoring of nematode motor behavior. Thus, we first characterized the continuous motor behavior of multiple worms simultaneously in group assays using visual methods ( Fig. 8 A, B) . Wild-type and cho-1 mutant worms (10 -15 per assay) were placed in a choline-free liquid medium, and thrashing was observed. The number of worms paralyzed or immobile at every minute during a 120 min period was calculated and plotted as the percentage of total animals ( Fig. 8 A, B) . We first attempted group analyses on worms grown on abundant rich food (8P plates with a thick bed of NA22 bacteria), and, under these growth conditions, there was no obvious gross differences in behavior between wild-type and cho-1 mutant animals in the first 90 min of thrashing (Fig. 8 A) . Between 90 and 120 min, however, cho-1 mutants displayed an increase in paralysis or inactivity over wild-type animals (Fig. 8 A) . Our fatigue results demonstrated significant variability that appeared to relate to growth conditions. We recalled observations by Ghosh and Emmons (2005) who reported that, after ϳ90 min of swimming, wild-type animals shift between states of swimming and quiescence in an ultradian manner dependent on growth parameters, primarily temperature and food. Accordingly, we wondered whether restrictions in dietary choline would exacerbate the motor defect displayed by cho-1 mutants. To test this hypothesis, we first analyzed the total choline content in three bacterial strains commonly used for food (OP50, HB101, and NA22). HB101 contained the lowest concentration of total choline of the three strains, and the aforementioned NA22 bacteria had more than five times higher levels (0.533 Ϯ 0.001, 0.930 Ϯ 0.085, 2.664 Ϯ 0.327 ϫ 10 Ϫ7 mol choline/g protein for HB101, OP50, and NA22, respectively). We then analyzed the group behavior of wild-type and cho-1 mutant animals plated on thinly spread lawns of HB101 bacteria (Fig. 8 B) . Under these conditions, in addition to the increased number of cho-1 animals immobile during later stages of thrashing compared with wildtype animals, cho-1 mutants now displayed an early paralysis phenotype (Fig. 8 B) . Specifically, cho-1 mutant animals displayed periods of paralysis or inactivity in the first 90 min of the assay that was not exhibited by wild-type animals, sometimes initiating during the first few minutes of the assay (Fig. 8 B) . Overall, these group assays revealed a trend that when cho-1 mutant animals are surrounded by abundant, rich food, they demonstrate fewer early pauses compared with cho-1 mutants plated on sparse and/or less rich food. Although altogether this trend suggests that restrictions in dietary choline may enhance the fatigue phenotype observed, it should be noted that only free cho- Figure 7 . Effects of loss of cho-1 activity on total choline and ACh stores. A, Total choline extracted from adult worms and detected by HPLC. No significant difference in choline levels was detected between WT animals, cho-1 mutants, and cho-1 mutants expressing a CHO-1:GFP fusion protein in the cholinergic nervous system (BY506) (ANOVA, p Ͼ 0.05). Results are plotted as mean Ϯ SEM from samples performed in triplicate (n ϭ 4). B, Total ACh in adult worms as detected by HPLC. cho-1 mutants animals had 36% less total ACh relative to WT animals (ANOVA test, p Ͻ 0.01; mean Ϯ SEM from samples performed in triplicate; n ϭ 4). Normal ACh levels were restored in BY506 animals (ANOVA test, WT vs BY506, p Ͼ 0.05; mean Ϯ SEM). C, cho-1 mutants are visibly impaired in locomotory activity. Adult cho-1 mutant animals placed in a choline-free liquid medium demonstrated a 16% reduction in thrashing behavior relative to WT animals, as defined by the number of body bends per minute (WT, n ϭ 32; cho-1 mutant, n ϭ 36). This thrashing defect was rescued in BY506 animals (n ϭ 32). D, The percentage difference in total ACh between WT and cho-1 mutant animals does not increase when animals are subjected to sustained physical stress. Shown is the total ACh extracted from adult worms and detected by HPLC after allowing animals to thrash for 2 h in a choline-free liquid environment (mean Ϯ SEM; n ϭ 3 in triplicate). KO, Knock-out. Asterisks indicate statistical significance as described in the text.
line measurements were performed on the bacterial strains used as food. There may be additional choline-containing compounds that provide bioavailable choline to these animals in times of stress or high demand. The link between the stress-dependent phenotype and dietary choline availability is attractive, because it indicates that the deleterious effects of a loss of CHO-1-mediated choline uptake can be partially compensated for by provisional supplementation of choline through diet. This is supported by studies performed by Wecker (1988) who showed that, in rat brain slices, ACh synthesis is influenced by the amount of choline consumed in diet.
Individual thrashing behavior can be monitored in worm cultures visually; however, the sensitivity of this method is limited, especially if behavioral deficits are intermittent. To better characterize the early fatigue phenotype exhibited by cho-1 mutants, we designed an automated system for analyzing the movement of individual worms thrashing in a choline-free liquid environment. This method provided a more quantitative assessment of worm motor activity, and removed investigator bias. For all animals, thrashing frequency was monitored for a total of 2 h (4 ϫ 30 min). In agreement with the visual test for thrashing shown in Figure 7C , initial thrash rates differed between wild-type and cho-1 knock-out animals (cho-1 mutants had an ϳ15% reduction in thrash rates using both approaches). The mean thrash frequency of wild type in the first 10 min was 1.64 Ϯ 0.04 Hz, compared with 1.40 Ϯ 0.05 Hz by cho-1 mutants (rescued by the expression of CHO-1:GFP in cholinergic neurons; 1.61 Ϯ 0.04 Hz, BY506). More striking was the early fatigue phenotype displayed by cho-1 mutant animals. As indicated by the group behavior assays, both wild-type and cho-1 mutant animals displayed periods of inactivity after time spent thrashing in the choline-free medium. This "resting" period is represented in Figure 8B as a flatline at 0 Hz. In wild-type animals, periods of inactivity typically began after the first 30 min of the assay, and occurred consistently every 20 -30 min with an average duration of 4.3 min if they occurred during the first hour of the assay, or 6.2 min if they occurred during the second hour (Fig.  8C ). Each period of inactivity was followed by normal vigorous thrashing until the next rest. In contrast, cho-1 mutants demonstrated periods of fatigue as early as the first 2 min of the assay, and the periods of inactivity were more frequent and of longer duration than that of wild-type animals (Fig. 8C,D) . Specifically, these events occurred on average every 6 min, and lasted an average of 4.4 min if they occurred during the first hour of the assay, and 8.25 min if they occurred during the second hour of the assay. When the periods of fatigue were plotted as the total time spent immobile during each 30 min window (Fig. 8D) , this phenotype was apparent. cho-1 mutants spent significantly more time immobile or in the "resting" state than wild-type animals in every 30 min window (ANOVA; 0 -30 min, p Ͻ 0.05; 30 -60 min, p Ͻ 0.01; 60 -90 min, p Ͻ 0.01; 90 -120 min, p Ͻ 0.01). This stressrelated fatigue phenotype was rescued with the expression of the CHO-1:GFP fusion protein driven by the endogenous cho-1 promoter (BY506) (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material) (ANOVA test, p Ͼ 0.05, WT vs BY506 at every time point). Although we interpret this phenotype as stressrelated fatigue, it is important to note that there are other possibilities, including changes in motor control patterns.
We extended our analysis of the motor deficits in cho-1 animals to assess the severity of the phenotype to that displayed by well characterized synaptic mutants (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). Specifically, both mild and strong mutants were chosen, which are known to compromise cholinergic neurotransmission, including unc-18 (strong uncoordinated mutant normally required for synaptic vesicle docking) (Weimer et al., 2003) ; acr-16 [overtly wildtype mutant but measurably reduces evoked cholinergic responses; gene encodes a subunit of the levamisole-resistant nicotinic ACh receptor (AChR) at the NMJ] (Touroutine et al., 2005) , and unc-29 (strong uncoordinated mutant; gene encodes an essential subunit of the levamisole-sensitive AChR at the NMJ) (Fleming et al., 1997; Richmond and Jorgensen, 1999) . Whereas the two strong uncoordinated mutants (unc-18(md299) and unc-29(e1072) ) demonstrated pronounced immobility throughout the 2 h assay, acr-16(ok789) was indistinguishable from WT (ANOVA, p Ͼ 0.05 for all time segments). In this comparison, cho-1 mutants displayed an intermediate phenotype (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material).
Discussion
The use of C. elegans for dissecting molecular aspects of neural signaling is well established (Nonet, 1999) . We have adopted this model to study the effects of a loss of presynaptic choline uptake on ACh homeostasis and cholinergic-based behaviors in C. elegans. Multiple studies using pharmacological inhibition of presynaptic choline transport have indicated that the high-affinity, HC-3-sensitive choline transporter is a major regulator of ACh synthesis (for review, see . However, subsequent studies in cultured neuroendocrine cells have indicated that ACh synthesis and release can occur in the absence of CHT expression (Bauerfeind et al., 1993; Apparsundaram et al., 2001) . To date, the effects of a genetic loss of CHT function on ACh homeostasis and animal behavior has not been established in vivo, because the mouse knock-out displays homozygous neonatal lethality, and heterozygous animals have wild-type levels of high-affinity choline uptake . In contrast, homozygous null alleles of C. elegans CHT (CHO-1) are viable, thus providing an opportunity to study ACh synthesis and cholinergic function in the absence of high-affinity choline uptake.
Using transgenic animals expressing CHO-1:GFP in cholinergic neurons, we found that the transporter localizes to cholinergic synapses, as indicated by its colocalization with synaptic vesicle protein VAMP, and consistent with rodent and primate studies of CHT. Murine CHT resides predominantly on small, clear synaptic vesicles that contain synaptic vesicle markers and VAChT, and demonstrates activity-dependent increases in surface expression, implying a novel mode of regulation for plasma membrane transporters in coupling neurotransmitter precursor uptake to neurotransmitter release . CHO-1 synaptic localization is dependent on UNC-104, a kinesin responsible for the transport of synaptic vesicle precursors to the synapse (Hall and Hedgecock, 1991) , suggesting that CHO-1 also traffics on synaptic vesicles.
The transport properties of CHO-1 in primary cultures agree well with data published for vertebrate CHT (Yamamura and Snyder, 1972) . CHO-1 mediates high-affinity (K m , ϳ0.67 M) choline uptake that is inhibited by nanomolar concentrations of HC-3, and is both sodium and chloride dependent. CHO-1 appears to be regulated by depolarization, because choline uptake significantly increases when preceded by high potassium depolarization. Similar activity-dependent CHT regulation has been described previously in rodent brain slices and synaptosomes . Together, the UNC-104-dependent synaptic localization and the depolarization-induced enhancement of high-affinity choline uptake suggest that CHO-1 traffics to the presynaptic membrane on synaptic vesicles in response to neuronal activity. The depolarization-induced upregulation of choline uptake requires active calcium channels, and may simply reflect Ca 2ϩ -dependent fusion of CHO-1 vesicles. However, this upregulation persists for nearly 30 min after depolarization, indicating a form of short-term plasticity in this system. This may be occurring through increased membrane expression of the transporter, or posttranslational modulation of its activity. The former is more likely based on studies in mouse synaptosomes .
Multiple studies have suggested that, within presynaptic terminals, CHT-mediated choline uptake is rapid and efficient at supplying ChAT with choline to meet the demands for ACh synthesis during periods of high or sustained activity . A critical test of this hypothesis requires studies of ACh production and release in the complete absence of CHT activity. In the mouse model, no difference in hindbrain or forebrain ACh levels was detected in knock-out pups compared with wild-type littermates , possibly because of the immaturity of CNS cholinergic circuits at birth. In contrast, the C. elegans system allows exploration of choline uptake dependence in adult animals. In our studies, we observed that normal, steady-state ACh levels are indeed CHO-1 dependent (ϳ60% of wild-type levels in cho-1 mutant cells and animals). The presence of ϳ40% of normal ACh in these mutants then led us to ask: what is the source of choline maintaining the residual ACh stores in the absence of CHO-1 function? Several possibilities exist: redundant mechanisms of high-affinity uptake, uptake through sodiumindependent low-affinity mechanisms, and the liberation of free choline through membrane phospholipases.
We demonstrated that only minimal uptake occurs in cho-1 knock-out cultures over 30 min at conditions favorable for highaffinity transport. This uptake represents Ͻ9% of wild-type uptake and does not contribute to detectable ACh synthesis. Thus, we conclude that no redundant high-affinity transport mechanism is operating to sustain ACh production. In contrast, choline uptake in cho-1 mutant cultures was equivalent to wild-type levels at choline concentrations saturated for high-affinity transport and therefore amenable to low-affinity mechanisms. Here, we detected low, but measurable levels of incorporation of choline into ACh. In fact, at 100 M choline, the amount of labeled choline incorporated into ACh in mutant cells approaches that seen in wild-type cells at 0.1 M choline. These data indicate that, given sufficiently low demand, low-affinity mechanisms could provide choline for conversion to ACh, if synapses have access to ample choline concentrations. Although the local concentration of choline in the synapse are unknown, circulating plasma choline in humans is only 10.9 -13.6 M in blood plasma, and 1.8 -2.2 M in the interstitial and cerebrospinal fluid (Aquilonius et al., 1970; Growdon et al., 1977) . Unless the low-affinity system is localized synaptically, and synaptic concentrations approach 100 M, it seems unlikely that this mechanism contributes significantly to ACh synthesis in the absence of CHO-1. Indeed, previous studies have indicated that low-affinity mechanisms are inefficient for providing synaptic choline for ACh production (Haga and Noda, 1973) .
Evidence suggests that membrane phosphatidylcholine may serve as a reservoir of choline under conditions in which external free choline is limited (Maire and Wurtman, 1985; Blusztajn et al., 1987) . Phosphatidylethanolamine can be methylated to form phosphatidylcholine via the enzyme PeMT (phosphatidylethanolamine N-methyltransferase) (Blusztajn et al., 1979 (Blusztajn et al., , 1987b , and free choline liberated from this pathway supports ACh synthesis (Blusztajn et al., 1987a,b) . The generation of free choline appears to occur through the direct hydrolysis of phosphatidylcholine by phospholipase D, rather than by phospholipase C or multienzyme pathways consisting of phospholipase A, lysophospholipase, and glycerophosphocholine (Lee et al., 1993) . If intracellular phosphatidylcholine is the source of choline used in the absence of high-affinity transport (and low-affinity mechanisms are not contributing measurably to ACh production) (Haga and Noda, 1973;  present study), then we would expect to see an additional reduction in total ACh in cells/animals doubly mutant for cho-1 and phospholipase D. Rather, we observed that, in both primary cultures and whole-animal extracts, ACh content remained at cho-1 mutant levels even when phosholipase D activity is absent. Moreover, cho-1;pld-1 double mutants are healthy, and behaviorally indistinguishable from cho-1 mutants, which would not be expected if a membrane cannibalism was a major source of choline in the absence of CHO-1 function (Blusztajn et al., 1987a,b) . However, these findings do not invalidate the possibility that choline used for ACh synthesis in cho-1 mutants may be derived from phospholipids catabolized in PLD-independent pathways.
One way that cho-1 mutant animals could offset the effects of a loss in high-affinity choline uptake is through compensatory mechanisms that increase the efficiency of ACh production or the sensitivity of ACh reception. It has been suggested that highaffinity choline transport and ChAT are tightly coupled systems ). Thus, we tested whether ChAT activity is upregulated in cho-1 mutant cells. We found no difference in ChAT activity between cho-1 and wildtype animals, similar to findings of unaltered ChAT activity in the brains of CHT knock-out mice . Interestingly, basal choline uptake is significantly higher in C. elegans cells carrying a hypomorphic ChAT mutation, a phenomenon that is also seen in mice heterozygous for a lethal mutation in ChAT (Brandon et al., 2004) . The combination of these data support the model that choline uptake is limiting for ChAT function: ChAT is already in kinetic excess, and cannot be further upregulated in the absence of high-affinity choline uptake, but when ChAT function is compromised, choline transport can be increased to compensate. Relocation of a portion of vesicular stores of CHT may support this compensatory response.
Despite the fact that cho-1 knock-out animals are capable of synthesizing ϳ60% of normal levels of ACh, they do demonstrate observable defects in motor activity. When placed in conditions that require sustained neuronal activity, a stress-related fatigue phenotype is apparent, indicating impairment in ACh release at the NMJ. This may be attributable to a localized depletion of ACh at the NMJ. If this depletion is occurring selectively in motor neurons, then a complete loss of NMJ ACh may not be detected biochemically (in total ACh measurements) because of the background of unaffected ACh levels in cholinergic nonmotor neurons. However, such a localized loss should be detected behaviorally. We suspect that, in times of low ACh demand, for example, crawling on bed of choline-rich bacteria, low-affinity uptake mechanisms likely have time to provide cho-1 mutant cells with sufficient choline to sustain cholinergic signaling. In contrast, when the cho-1 mutant system is taxed during intense, sustained motor activity, depletion of ACh at the NMJ may be seen if synaptic vesicles are not filled, because the demand exceeds the kinetic limitations of alternative pathways providing free choline to the nerve terminal.
Our studies demonstrate an essential role of high-affinity transport for normal ACh synthesis and motor activity in adult animals. CHO-1 appears to be the sole presynaptic transporter capable of sustaining ACh synthesis at low levels of extracellular choline. The stress-dependent motor phenotype displayed by cho-1 mutant animals can be exploited in future genetic screens for the additional characterization of CHT regulation. Furthermore, studies of the regulation and trafficking of CHO-1 should aid in our understanding of the processes sustaining cholinergic tone in disorders in which cholinergic deficits emerge.
